Abstract Nowadays trace organic pollutants represent a major concern in water treatment systems. Activated carbon has been used for most applications aiming at the reduction of these kind of compounds in aqueous effluents, but regeneration needs and high operation costs led to a renewed interest in the search for alternative sorbents. Pine bark is an excedentary raw material from sawmills in Portugal, and therefore a profitable natural resource that has already been successfully tested in the adsorption of organochlorines from contaminated water. This study aims at characterizing the pine bark surface structurally and chemically, to understand the nature of sorption occurring when a trace organic contaminant is present in aqueous effluents. Pentachlorophenol (PCP) was the trace contaminant used in the experiments. Scanning electron microscopy (SEM), mercury porosimetry, Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) were the techniques used, in addition to classical chemical analysis and solid phase micro extraction (SPME) prior to gas chromatography with mass spectrometry (GC-MS) for PCP quantification. The pine bark proved to be a material of very low porosity, low specific surface area, strong carbon aromatic content probably relative to polyphenols and lignin composition. Sorption experiments showed a good correlation for the linear adsorption isotherm, as well as the desorption experiments. In the conditions tested, the average PCP removal after 24 h was above 98 per cent. This material proved to be an encouraging sorbent for cheap water remediation solutions.
Introduction
The utilization of wood by men generates wastes such as the tree barks, which are an important, inexpensive and rather abundant resource. The bark represents 10-15 per cent of the total weight of the tree (Kofujita et al., 1999) and its use as fuel is the most overspread utilization, requiring only the dryness to take advantage of the bark heating value. The tannins content with phenolic nature has been studied as a source of resins when reacting with formaldehyde, enhancing its application in panel production with less requirement of this reactant. This tannin source has also been applied in the leather tannery industry (Fradinho et al., 2002; Jorge et al., 2001) . Jorge et al. (2001) point out some other bark applications in the pharmaceutical industry, as a biocide in agriculture precisely due to the bark tannin content, and as ionic exchange resins making use of pine bark surface properties.
The wood and bark chemistry is different, bearing that the wood has higher contents of carbohydrates and lower percentages of lignin and extractives. In its composition bark also has polyphenols, known as tannins, and suberin that are not found in wood (Fengel and Wegener, 1984) . Within the barks of several species, the chemical composition changes in terms of ashes, lignin, polyphenols, extractives and carbohydrates contents for hardwood and softwood (Harun and Labosky, 1985; Kofujita et al., 1999) . Fradinho et al. (2002) reported that the Pinus pinaster bark composition, in weight percent, is represented by 33 per cent lignin, 11 per cent polyphenolics, 39 per cent polysaccharides, 17 per cent extractives and less than 1 per cent of ashes.
The specificity of the pine bark chemistry encouraged several authors to evaluate its effectiveness in wastewater treatment applications namely for the sorption of heavy metals (Al-Ashe and Duvnjak, 1999; Alves et al., 1993; Randall, 1977; Santos et al., 2003; Vázquez et al., 2002) and organic pollutants (Brás et al., 1999; Haussard et al., 2003; Ratola et al., 2003) using a local, inexpensive and abundant resource, as mentioned earlier. The organic pollutants, specifically those having high toxicity and persistence in the environment like most of the pesticides, are usually not efficiently removed from water even at the range of small concentrations that they emerge in and therefore spread in the environment. To override this situation and control the fate and toxicity of these organic pollutants it becomes necessary to apply adsorption processes with activated carbon or, if possible, with alternative materials to overcome the cost associated with the former conventional method.
The sorption process can be attributed to the distribution of the organic compound between two phases, by accumulation in the solid phase active sites (adsorption) or by partitioning (Huang et al. 2003) . Therefore, the study of sorption and desorption equilibrium is an important tool to quantify the extent of pollutant retention by the sorbent material, the distribution coefficient being the parameter that endorses such affinity. In systems where the distribution coefficient attained in the sorption ðK In this class of compounds we can find pentachlorophenol (PCP) used in the wood preservation industry and included in the large family of pesticides (Crosby, 1981) . PCP is a hydrophobic ionisable organic compound (HIOC) that can be found MEQ 15, 5 once in the environment as protonated or anionic species according to the surrounding pH, with a pK a of 4.75. In its neutral form it is strongly hydrophobic (log K ow 5.24) with low aqueous solubility (14 mg/l at 208C) and behave like the hydrophobic non-ionisable organic compounds (HOC) partitioning between the organic matter of the soil and organoclays by hydrophobic bonding (Boyd et al., 1988; DiVincenzo and Sparks, 1997) .
The main objective of this study is to evaluate the physical and chemical properties of pine bark and its interactions with PCP, assessing the extent of PCP binding in the pine bark surface through sorption and desorption equilibrium studies.
Materials and methods
Pine bark preparation and characterization techniques The pine bark was collected in a sawmill in the north of Portugal. After grinding in a Reischt mill and sieved in Endecotts EFL 2000/1 automatic siever, the 150-450 mm size of bark was dried at 1058C^28C for 48 h in a Binder muffle. The textural characterization was performed by mercury porosimetry with a Poremaster-60 Quantachrome apparatus. The pine bark characterization was also done by proximate analysis with a Mettler TA 4000 thermal analyzer and by elemental analysis with a CARLO ERBA 1108 Elemental Analyser. The determination of surface charge was performed by pH drift tests described elsewhere (Rivera-Utrilla et al., 2001 ) and the basicity and acidity surface determination was earlier reported elsewhere (Pereira et al., 2003) . The pine bark DRIFT spectra was carried out in a Nicolet 510P FT-IR spectrometer. The spectra were recorded at 4 cm 2 1 resolution and 256 scans were accumulated prior to Fourier transformation and expressed in transmitance in the 4,000-450 cm 2 1 range. The elements at the surface were analysed by X-ray photoelectron spectroscopy (XPS) with a VG Scientific ESCALAB 200A spectrometer and the scanning electron microscopy (SEM) was performed by JEOL JSM-6301F microscope after sample preparation by pulverization and vaporization of carbon and gold in a JEOL JFC 100 apparatus at CEMUP (Centro de Materiais da Universidade do Porto).
Reagents Pentachlorophenol (PCP) was obtained from Supelco (Cat n-4-8555). Sodium sulfate anhydrous p.a. and 95-97 per cent sulfuric acid p.a. were purchased from Merck. The aqueous PCP solutions of various concentrations were prepared from an intermediate 5 mg/l PCP solution made from a 2,440 mg/l stock solution in 0.1 M NaOH (Merck) with distilled and deionised water. The standards preparation for solid-phase microextraction calibration was done by dilution of the intermediate stock solution with distilled and deionised water at pH value 2 saturated with Na 2 So 4 . The pH adjustment was done with 5N sulphuric acid.
Sorption studies
The equilibrium sorption and desorption experiments of PCP on pine bark were conducted in 15 ml closed glass tubes in a shaker at 258C. The required equilibrium time of 24 h was previously determined in kinetic studies with solutions of 1 mg/l PCP in a system with solid:solution ratio of 1:100 (w:w). In each tube, 100 mg of pine bark and 5 ml of PCP solutions with concentrations between 0.03 and 5 mg/l at pH value 2 Application of pine bark as a sorbent were added. After reaching equilibrium, the pine bark was allowed to settle at the bottom of the tubes and the maximum amount of solution was removed from each reaction vessel for PCP analysis and replaced by 5 ml of PCP free solution. The glass tubes were placed again in the shaker at 258C. After 24 h the solutions were once again removed for analysis of PCP by solid-phase microextraction (SPME).
PCP analysis
For PCP quantification, an 85 mm pa fiber (Supelco, Cat. No. PN 57304) and the respective SPME sampling manual holder (Supelco, Cat. No. 57330-U) were employed. The fiber was previously conditioned at 3008C for 2 h in the gas chromatograph injection port. For the extraction of PCP, 2 ml of the standard solution or sample were measured into a 4 ml amber vial and the fiber was immersed in the solution for 30 min, at room temperature (25^28C), with rapid and constant stirring. After this period, the fiber was removed and desorbed in the GC injection port for 3 min. The quantification of PCP was attained with an Agilent 6890 Series gas chromatograph (GC) equipped with a 5973 N Series mass spectrophotometer (MS) selective detector in SIM mode acquiring fragments with 264, 266 and 268 atomic mass unit (amu). The interface temperature was 1608C and the ion source (electron ionization) was set at 2308C with electron energy of 69.9 eV, whilst the quadrupole mass filter was kept at 1508C. The capillary column was a Hewlett-Packard 5MS (30 m £ 0.25 mm £ 0.25mm) (cat. HP 19091S-433). Helium (99,9990 per cent purity) was the carrier gas, at a 1 ml/min constant flow through the column. The oven was initially set at 808C, and then raised to 2608C at 158C/min. The injector was in splitless mode at 2508C, closed for 3 min before purging with helium at 20 ml/min.
The calibration curve of SPME for PCP quantification was performed with six standard solutions within a concentration range of 0.8 mg/l to 40 mg/l with good linearity ðr 2 ¼ 0:9953Þ: The detection limit calculated, by 3* S/N ratio, was 1.99 mg/l with a repeatability of 23.82 per cent (as coefficient of variation, CV per cent) and an intermediate precision of 15.70 per cent (as coefficient of variation, CV per cent).
Results and discussion
Pine bark characterization Pine bark is usually characterised in terms of its main constituents like cellulose, lignin or tannins, in order to take advantage of their potentials. Nevertheless, to evaluate its sorbent capacity it is important to know the surface properties and their ability to interact with the surrounding medium. Hence, the first step of the present work was to perform the characterization of the pine bark in order to realize the possible mechanistic interactions between the PCP and the surface. The physical properties obtained by mercury porosimetry are shown in Table I . The data are consistent with SEM images shown in Figure 1 . In fact, the pine bark surface has low porosity and the few pores detected are classified as macropores (according to IUPAC with diameter higher than 50 nm) leading to a very low specific surface area. The proximate and elemental analyses allow us to know the overall composition of the bark while the XPS and FTIR information take into account the surface chemistry. With the XPS, 82.18 per cent of C, 17.21 per cent of O and 0.63 per cent of N were identified at the surface of pine bark (atomic percentage, with spectrum peak areas divided by the corresponding sensitivity factors -C: 1.00, O: 2.93 and N: 1.80) taking into account that the low mass of hydrogen is not detected by the technique. The chemical bond analysis was made by curve fitting using the XPSPEAK 4.1 software, deconvoluting the C 1s peak in four subpeaks (Figure 2 ) with binding energy corresponding to different functional classes: C 1 corresponds to the aliphatic and aromatic CZC and CZH bonding (285 eV); C 2 to non carbonyl oxygen bond, CZOH and CZOZC (286.4 eV); C 3 to carbonyl oxygen bond, CvO (287.8 eV); and C 4 to carboxyl oxygen, COOH and COOZ (289.2 eV) (Shchukarev et al., 2002; Sinn et al., 2001) . The highest percentage was attained for carbon-carbon bonding, with 73 per cent, giving an idea about the strong magnitude of aromatic bonds assigned to the pine bark lignin and extractable fraction. The hydroxyl bonds represent 18 per cent of the carbon associated to the hollocellulose and phenolic content of the bark. The less representative bonding classes were the C 3 with 6.4 per cent and the C 4 with 2.3 per cent, probably related with the extractable content of the bark.
Another technique applied to complete the pine bark characterization was the FTIR, although the surface complexity and heterogeneity were unable to readily characterize the absorbed infrared light at specific frequencies. In fact, the information acquired is only qualitative in the study of specific structures at the surface. The spectrum can be divided into four regions, namely the region between 4,000-2,500 cm 2 1 for stretching vibrations of XZH bonds, 2,500-2,000 cm 2 1 for the triple bonds, 2,000-1,500 cm 2 1 for Application of pine bark as a sorbent double bonds and the known finger print region between 1,500-650 cm 2 1 . As can be seen in Figure 3 , around 3,400 cm 2 1 the spectrum represents a broad band due to the bond between the oxygen and the hydrogen stretching vibration, including hydrogen bonding. The band at 2,900 cm 2 1 is assigned to the stretching CZH bond in the aromatic and aliphatic structures and the absorption identified around 1,450 cm 2 1 is also related CZH deformation. The bands to at 1,610 cm 2 1 and at 1,510 m 2 1 can also be distinctly identified due to the aromatic CvC skeletal vibrations and a weak band around 1,735 cm 2 1 caused by the stretching vibrations in CvO carbonyl structure. One important broad band is identified around 1,160 cm 2 1 as a result of the asymmetric stretching of CZOZC in the cellulose and hemicellulose (Vásquez et al., 2000) .
With the FTIR analysis it was possible to certify the XPS results identifying the weight of the CvC aromatic bonding, the phenolic and polysaccarides hydroxyl group along with the CZOZC bonds and the double bonds between the carbon and oxygen atoms in the carbonyl and carboxyl groups. These kinds of structures are important in the perception of possible interactions with the surrounding molecules and the association they establish. For instance, functional groups like carboxylic and hydroxylic can be classified as acids once they can loose the associated hydrogen proton; on the other hand, the carbonyl group with the strong electronegative oxygen atom can accept hydrogen atoms behaving as a base. The pine bark acidity and basicity determination showed once again the importance of the surface acidic groups with values of 5.58 meq HCL/g for the acidity and 0.08 meq NaOH/g for the basicity. The attempt to evaluate the pH of the point of zero charge -pH at which the surface has an equal number of negative and positive charges -showed that the pine bark always has an acidic behaviour with an equilibrium pH around 4.4 (Figure 4) .
The presence of oxygen and hydrogen atoms on the pine bark surface along with its aromatic structure may induce that the solute molecules can establish hydrogen bonds and hydrophobic interactions with the sorbent.
Sorption
Although other models are mentioned in literature, the most applied to describe sorption in wastewater systems are the linear (equation 1), the Freundlich (equation 2) and the Langmuir (equation 3).
In these equations, q e and C e are the solute concentration in the solid and in the aqueous phase, respectively. For each equation, K d is defined as the distribution coefficient in Figure 4 . Determination of the pine bark surface pH pzc using the pH drift method Application of pine bark as a sorbent the linear isotherm, K F and 1/n are related to the sorption capacity and the energy distribution of the sorption sites, respectively, for the Freundlich isotherm. For the Langmuir isotherm, b is associated to the sorption energy and Q o is considered to be the maximum sorption capacity related to the total cover of the surface. Figure 5 represents the sorption and the desorption equilibrium experimental data. For the sorption evaluation, the parameters obtained for each model are shown in Table II . In the range of concentration studied, limited by the water solubility of PCP, the sorption is depicted by a linear isotherm although small deviations were observed, which can be assigned to experimental errors. Although the Freundlich model presents a better correlation factor, the linear model was preferred by its simplicity. A K d of 1.86 l/g was obtained, an expected value when compared with similar materials, like peat that was tested as a sorbent for PCP by Tanjore and Viraraghavan (1997) . These authors achieved a best correlation with the Freundlich isotherm with K F of 1.58 l/g and 1/n of 1.02, this last parameter very close to the unity, meaning that the linear isotherm was probably an acceptable adjustment. In spite of the good correlation factor obtained, the Langmuir isotherm cannot be considered a suitable model to fit the experimental points since they are far away from the saturation region. This is reflected in the large errors associated to the Langmuir parameters.
In this study, if kinetic data is taken into account, the PCP average removal attained was above 98 per cent. Previous work showed that the pine bark had affinity for hydrophobic organic compounds. Brás et al. (1999) performed mini-column dynamic studies and reached to the evidence of high sorption efficiencies for organochlorine pesticides in water, with yield of removal above 93 per cent, except for Lindane with a significant lower value of 38 per cent. The best yield of removal attained was for DDT with a value higher than 99 per cent. Ratola et al. (2003) reported the sorption study of Lindane and Heptachlor by pine bark conducting equilibrium experiments and presented the Freundlich isotherm as the best model to describe the equilibrium data Figure 5 . PCP sorption and desorption data for pine bark The good sorption capacity of the pine bark once verified, it was intended to study the reversibility of the phenomena. A preliminary evaluation of desorption from the pine bark surface was performed using a batch washing ( Figure 5) .
The K d attained in the desorption, 6.14 l/g ðr 2 ¼ 0:937Þ; was higher than the sorption K d . The deviation of the desorption equilibrium data relatively to the sorption data is representative of sorption irreversibility, providing evidence that the PCP establishes a strong bonding with the solid phase. Karichkoff et al. (1979) stated that the linear isotherm is often indicative of partitioning. Indeed, if a PCP partitioning exists between the organic solid phase and the aqueous phase, induced by the strong affinity of the organic pollutant to the organic phase, it is expected that the reverse situation would not occur. Chen et al. (2004) studied the sorption and desorption of PCP in soils and also accomplished that the sorption had a linear behaviour and found strong evidences of hysteresis. They suggest that the chemical composition and the condensed rigid physical character of lipids enable them to interact more strongly with the hydrophobic organic solutes via weak van der Waals bonds.
General reasons accepted to cause sorption hysteresis are related to experimental artefacts, irreversible binding to specific sorption sites, slow rates of desorption and sorbing molecule entrapment (Chen et al., 2004) . To override the effects of experimental artefacts a blank experiment was conducted without pine bark but following the same experimental procedures and the sorption and desorption experiment was conducted under the same conditions. Owing to the pine bark low porosity it is unlikely that the entrapment of the PCP molecules was the cause of the observed hysteresis. Accordingly, it is reliable to conclude that the sorption irreversibility is assigned to the irreversible binding to specific sites of the pine bark or slow rates of desorption. In effect, hydrophobic compounds with such high log K ow as PCP will have strong affinities to organic matter matrices with representative aromatic content as pine bark. Whichever the case, it can be stated that the PCP in the pine bark can be considered to be stabilized, reducing effectively the mobility of this hazard pollutant in the environment.
Conclusion
From the results of the present work, it can be concluded that:
(1) Pine bark is a material with small porosity, with the few pores identified in the range of macropores, and therefore with small specific surface area; (2) The bark has very low content in ashes with the organic matter representing more than 99 per cent of the weight. XPS and FTIR characterization of the surface chemistry show the expected presence of CZC aliphatic and aromatic bonds and CZO bonds from the hydroxyl, phenolic carbonyl and carboxyl groups, the last two assigned to the extractable fraction of the bark; (3) The sorption of PCP can be described by a linear isotherm, suggesting that the sorption is due to the PCP partitioning between the aqueous and the solid phase; and (4) The conducted desorption experiment show that the PCP is strongly bonded to the pine bark surface.
Application of pine bark as a sorbent
The main conclusion of the present work is that the pine bark can act as an effective sorbent for PCP, being a good alternative to conventional sorbents, which almost totally immobilizes this organic pollutant with all the benefits associated with the use of local and abundant residues.
